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ABSTRACT 

C a l c u l a t i o n s  have p r e d i c t e d  t h e  ex is tence  o f  c r y s t a l l o g r a p h i -  
c a l  l y  doubly  r o t a t e d  qua r t z  o r i e n t a t i o n s  w i t h  t u rnove r  temper- 
a tu res  which a re  cons ide rab l y  l e s s  s e n s i t i v e  t o  angu la r  mis-  
o r i e n t a t i o n  than comparable AT- o r  BT-cuts . We have a r b i  t r a r i  - 
l y  designated these c r y s t a l s  as t h e  AK-cut. We r e p o r t  exper- 
imenta l  da ta  f o r  seven o r i e n t a t i o n s ,  +-angle v a r i a t i o n s  between 
30-46' and 0-angle v a r i a t i o n s  between 21 -28O, measured on 
3.3-3.4 MHz fundamental mode resonato rs  v i  b r a t i  ng i n  t h e  t h i c k -  
ness shear c-mode, The exper imenta l  t u rnove r  temperatures o f  
these resonato rs  a r e  between 80°C and 150°C, i n  general  agreement 
w i t h  c a l c u l a t e d  va lues,  The normal ized frequency change as a func- 
t i o n  o f  temperature has been f i t t e d  w i t h  a  cub i c  equat ion.  

INTRODUCTION 

In  a p rev ious  publ  i ca t ion , '  t h e  t u rnove r  temperatures, Tto, o f  
c r y s t a l l o g r a p h i c a l l y  doubly r o t a t e d  qua r t z  p l a t e s  v i b r a t i n g  i n  t h e  t h ~ c k n e s s  
shear  mode were ca lcu la ted .  It was shown t h a t  i n  a d d i t i o n  t o  t h e  usual  
r o t a t i o n  angles assoc ia ted  w i t h  t h e  AT-, FC-, I T - ,  SC-, RT-, and B T ~ u t s ,  
t h e r e  i s  another  c r y s t a l l o g r a p h i c  r eg ion  which y i e l d s  Tto values i n  t h e  
temperature range o f  p r a c t i c a l  i n t e r e s t  t o  temperature c o n t r o l l e d  resonato rs .  
These c r y s t a l  o r i e n t a t i o n s ,  v i b r a t i n g  i n  t h e  t h i ckness  shear c-mode, were 
a r b i t r a r i l y  des ignated as AK-cuts. The frequency as a f u n c t i o n  o f  tempera tu re  
c h a r a c t e r i s t i c s  o f  t h e  AK-cuts a re  1 ocated between t h e  AT- and B T-cuts, 
b u t  t h e  Tto values a re  cons iderab ly  l e s s  s e n s i t i v e  t o  angu la r  o r i e n t a t i o n  
t h a n  any o f  t h e  o t h e r  cuts.  I n  t h i s  paper, we g i v e  a d d i t i o n a l  t h e o r e t i c a l  
r e s u l t s  r e l a t e d  t o  t h e  AK-cut, and a t  t h e  same t ime  r e p o r t  exper imenta l  
con f i rma t i on  o f  t u rnove r  temperatures on 10  MHz, 3 r d  overtone, resonato rs  
f a b r i c a t e d  from seven d i f f e r e n t  c r y s t a l l o g r a p h i c  o r i e n t a t i o n s .  

The computat ions performed i n  t h i s  i n v e s t i g a t i o n  a re  based on 
e l a s t i c  constant  values, cpq, o f  qua r t z  pub1 i shed  by Bechmann, B a l l a t o ,  and 
~ u k a s z e k , ~  h e r e a f t e r  r e f e r r e d  t o  a s  BBL(1962), and on a s e t  o f  temperature 
c o e f f i c i e n t s  o f  t h e  e l a s t i c  constants ,  Tn(c ) ,  d e r i v e d  i n  Ref. 3, and h e r e  
a f t e r  r e fe r red  t o  as BBL(1963) LSF. lhese !$mperature c o e f f i c i e n t s  a re  bared 
on t h e  l e a s t  squares f i t  (LSF) o f  ex e r imenta l  da ta  pub l i shed  by Bechmann, 
B a l l a t o ,  and Lukaszek (BBL) i n  1963.' A T ( c  q )  se t  has been de r i ved  i n  
BBL(1962) and another  s e t  has been publishes b j  Mams, Enslow, Kusters, and 

and we r e f e r  t o  t h i s  s e t  a s  Mams e t  al .  I n  Ref.  3 we compared and 
d iscussed t h e  l i m i t a t i o n s  assoc ia ted  w i t h  t h e  d i f f e r e n t  se ts ,  and t h e i r  ap- 
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p l i c a b i l i t y  t o  p r e d i c t  t h e  frequency-temperature behav io r  o f  a r b i t r a r y  doubly  I I 
r o t a t e d  c r y s t a l  o r i e n t a t i o n s .  This t o p i c  has a l s o  been t r e a t e d  i n  Refs. 6 ! 
and 7. For reasons o u t l i n e d  i n  these  re ferences,  we f i n d  t h e  BBL(1963) LSF I 

I 
s e t  more s a t i s f y i n g  than  t h e  one de r i ved  i n  BBL(1962). For t h e  c r ys ta l l og raph - -  I 
i c  r e g i o n  assoc ia ted  w i t h  t h e  AK-cuts, a l l  t h r e e  se t s  g i v e  s i m i l a r  general  I 
r e s u l t s  and p r e d i c t  t h e  ex i s tence  of t h i s  c u t ,  bu t  a c t u a l  Tto values f o r  a  I 

I 
s p e c i f i c  p a i r  o f  r o t a t i o n  angles depend on t h e  p a r t i c u l a r  s e t  used i n  t h e  
computations. I n  t h i s  paper, we i n t e n d  t o  i l l u s t r a t e  general  r e s u l t s ,  and 
we 1 i m i t  t h e  computations, w i t h  one except ion,  t o  t h e  BBL(1963) LSF s e t  o f  
temperature c o e f f i c i e n t s  o f  e l a s t i c  constants .  

CALCULATED TURNOVER TEMPERATURES 

F igure  1 d e p i c t s  t h e  p l a t e  geometry and c r y s t a l l o g r a p h i c  coord i -  
na te  systems used i n  t h i s  i n v e s t i g a t i o n .  lhe  o r i e n t a t i o n  o f  t h e  p l a t e  i s  
descr ibed  by angles (9, 0) where 9 and 0 a r e  r o t a t i o n s  around t h e  z- and 
x -ax is ,  r espec t i ve l y .  I n  t h i s  nomenclature, +angle l i m i t s  a r e  0" $ c 60" 
and %angle r o t a t i o n s  a re  0' 6 0 90'. The angu la r  r o t a t i o n s  assoc ia ted  
w i t h  t h e  AK-cuts a r e  approx imate ly  between + = 30" and 9  = 47", and between 
0 = 17' and 0 = 30'. For example, one s p e c i f i c  (9, 9) combinat ion i s  
(40.9, 21.0)'. I n  another  commonly used no ta t i on ,  t h i s  r o t a t i o n  i s  on t h e  
"nega t i ve  t h e t a "  s i d e  and i s  des ignated as (19.1, -21.0)'. 

F i gu re  2  shows t h e  c a l c u l a t e d  ($, 0) l o c i  f o r  se lec ted  t u rnove r  
temperatures between 75'C and 160°C o f  A K x u t  c-mode v i b r a t i o n s ,  The tempera- 
t u r e  c o e f f i c i e n t s  of t h e  e l a s t i c  cons tan ts  a r e  v a l i d  between -200°C and 
+200°C. For AT-cut c r y s t a l s ,  9  = 0°, t h e  t u rnove r  temperatures throughout  
t h i s  temperature range a re  s i n g l e  va lue  f u n c t i o n s  o f  t h e  b a n g l e ,  and a re  
ob ta ined  a t  b a n g l e s  s l i g h t l y  l a r g e r  than  35.25". I n  t h e  50°C t o  100°C 
range, t h e  AT-cut Tto s h i f t s  by 2.6OC p e r  minute o f  arc. The AT-cut angle 
e q u i v a l e n t  t o  Tto = 200°C i s  6 = 36.70". For AK-cut c r -ys ta ls ,  t h e  lowest  
p o s s i b l e  Tto, based on BBL(1963) LSF parameters, i s  approx imate ly  75"C, and 
f o r  a  s p e c i f i e d  +angle t h e r e  a r e  two b a n g l e s  which g i v e  , i den t i ca l  Tto. 
For a  s e l e c t e d  Tto, t h e  (4 ,  0) l o c i  e x h i b i t  c o n c e n t r i c  q u a s i - e l l i p t i c a l  
c h a r a c t e r i s t i c s ,  w i t h  t h e  angu la r  boundaries i n c r e a s i n g  w i t h  Tto. The d i  s-  
t o r t i o n s  ' in t h e  Tto = 140°C and T to  = 160°C curves  a t  t h e  h i g h e r  +-angles 
and upper b a n g l e  segments a r e  due t o  t h e  . in ter ference o f  t h e  Tto branch 
c o n t a i n i n g  t h e  AT-type t u rnove r  temperatures. This can be deduced f r o m  
Ref. 1, Fig. 9. The (9, 0) l o c a t i o n s  of t h e  exper imenta l  resona to rs  a r e  
shown i n  Fig. 2 by  dots ,  w i t h  t h e  exper imenta l  Tto va lues ind icated.  (These 
w i  11 be discussed f u r t h e r  on.) 

The p r imary  advantage of AK.cut c r y s t a l s ,  t h a t  i s ,  t h e  r e l a t i v e  
i n s e n s i t i v i t y  o f  Tto t o  inaccurac ies  i n  (+, B), i s  i m p l i c i t  i n  t h e  curves 
shown i n  Fig. 2. For example, a t  9  = 37' t h e  t o l e r a n c e  on t h e  b a n g l e  f o r  
t h e  Tto t o  be between 7 5 O C  and 85°C i s  A0 = f1.9". I n  c o n t r a s t ,  f o r  t h e  
same Tto range, t h e  t o l e r a n c e  f o r  t h e  AT-cut i s  A 0  = +2', approx imate ly  60 
t imes  more s e n s i t i v e .  The T t o  p o s i t i o n  o f  t h e  b-mode RT-cut ( 9  = 60") i s  
l e s s  s e n s i t i v e  t o  b a n g l e  changes than  t h e  AT-cut, and t h e  comparable angu- 
l a r  t o l e r a n c e  i s  A 0  = 514'. 



F i g u r e  3 shows a compar ison o f  t h e  (4 ,  0 )  l o c i  f o r  Tto = 90°C 
c a l c u l a t e d  w i t h  Tn(cpq) va lues  based on Mams e t  a l ,  B ~ L ( 1 9 6 2 ) ,  and  ~ B L ( 1 9 6 3 )  
LSF. A l l  t h r e e  s e t s  show t h e  q u a s i - e l  l i p t i c a l  n a t u r e  o f  t h e  cu rves ,  b u t  v a r y  
i n  d e t a i l e d  numer i ca l  r e s u l t s .  For a  g i v e n  (9, 0 ) ,  Mams e t  a1 pa ramete rs  
y i e l d  t h e  l o w e s t  Tto va lues ,  t h e  BBL(1963) LSF  s e t  p r e d i c t s  h i g h e r  Tto, and 
BBL(1962) g i v e s  t h e  h i g h e s t  Tto va lues.  A s i m i l a r  o r d e r  i s  f o l l o w e d  i n  c a l -  
c u l a t i n g  t h e  l o w e s t  p o s s i b l e  Tto f o r  t h e  A K x u t s ,  a p p r o x i m a t e l y  5 5 O C  f o r  Adams 
e t  a l ,  75OC f o r  BBL(1963) LSF, and 8 5 O C  f o r  BBL(1962). These r e s u l t s  a l s o  
p o i n t  o u t  t h e  d i f f i c u l t y  i n  compar ing t h e o r e t i c a l  p r e d i c t i o n s  w i t h  exper i rnen- 
t a l  data.  lhe Tn(cp%) v a l u e s  a r e  d e r i v e d  f r o m  t h e  f i r s t ,  second, and t h i r d  
o r d e r  t e m p e r a t u r e  c o  f f i c i e n t s  o f  f r e q u e n c i e s  measured on a  s e t  o f  (+, 0 )  
o r i e n t a t i o n s .  T h e i r  app l  i c a b i l  i t y  t o  a  p a r t i c u l a r  c r y s t a l  l o g r a p h i c  r e g i o n  
may depend on t h e  ( $ , 0 )  d i s t r i b u t i o n  o f  t h e  o r i g i n a l  d a t a  s e t .  To t h e  b e s t  
o f  o u r  knowledge, d a t a  p o i n t s  f r o m  t h e  (9, 0 )  r e g i o n  d e f i n i n g  t h e  AK-cut 
were  n o t  i n c l u d e d  i n  any o f  t h e  t h r e e  d a t a  s e t s .  For  A K s u t  c a l c u l a t i o n s  
t h e r e  i s  t h e n  n e i t h e r  an a p r i o r i  p r e f e r e n c e  f o r  s e l e c t i n g  a  p a r t i c u l a r  
T,(c ) s e t ,  n o r  i s  t h e r e  any con f idence  t h a t  t h e  p r e d i c t e d  Tto v a l u e s  w i l l  
be ogqserved. For r e l i a b l e  computa t ions ,  i t  i s  e s s e n t i a l  t o  c o l l e c t  e x p e r i -  
menta l  d a t a  weighed h e a v i l y  w i t h  ($, 0) o r i e n t a t i o n s  a p p l i c a b l e  t o  t h e  
c r y s t a l l o g r a p h i c  r e g i o n  of  i n t e r e s t ,  and t h e n  based on t h i s  d a t a  d e r i v e  a  
" l o c a l "  s e t  o f  cpq and Tn(cpq). 

EXPERIMENTAL PROCEDURES AND RESULTS 

The p r i m a r y  o b j e c t i v e  o f  t h i s  i n v e s t i g a t i o n  was t o  c o n f i r m  t h e  
e x i s t e n c e  o f  t h i c k n e s s  shear  c-mode v i b r a t i o n s  y i e l d i n g  t u r n o v e r  t e m p e r a t u r e s  
i n  t h e  80°C t o  200°C t e m p e r a t u r e  range f o r  c r y s t a l l o g r a p h i c  o r i e n t a t , i o n s  wh ich  
a r e  u n r e l a t e d  t o  a n g u l a r  va lues  u s u a l l y  a s s o c i a t e d  w i t h  t h e  genera l  c l a s s  o f  
d o u b l y  r o t a t e d  AT-cuts.  

The i n i t i a l  e v a l u a t i o n  o f  t h e  AK-cut c r y s t a l s  compr ises  seven 
(9, 8) o r i e n t a t i o n s .  F i g u r e  4 shows t h e  ($, 0 )  p o s i t i o n s  o f  t h e  s e l e c t e d  
c u t s ,  and t h e  M i l l e r  i n d i c e s  o f  t h e  l a t t i c e  p l a n e s  a s s o c i a t e d  w i t h  t h i s  
c r y s t a l  l o g r a p h i c  reg ion .  The p r i m a r y  ($, 8) s e l e c t  i o n  c r i t e r i o n  was e a s e  
o f  o r i e n t a t i o n  and f a b r i c a t  ion. Three r o t a t i o n s ,  (30, 24.44) ", (36.58, 
28.45)', and (46.10, 23.59)" a r e  l o w  i n d e x  l a t t i c e  p l a n e s ,  [ill], [323], and 
[312], r e s p e c t i v e l y .  Ano the r  t h r e e  r o t a t i o n s ,  (40.9, 21.0) ", (40.9, 23.59) ", 
and (40.9, 27.0)" a r e  s i t u a t e d  a l o n g  t h e  [2111 and [212] p lanes ,  and t h e  
seven th  (36.0, 24.44)', i s  o b t a i n e d  by a 6' r o t a t i o n  f r o m  [ill]. The c r y s t a l s  
were machined i n t o  p lano -p lano  p l a t e s ,  beve led  a t  t h e  edges, and t h e  d i s k s  
were  f a b r i c a t e d  i n t o  1 0  MHz, 3 r d  ove r tone ,  r e s o n a t o r s  a t  Frequency Electron- 
i c s ,  Inc .9  u s i n g  e s t a b l i s h e d  manu fac tu r ing  processes.  The e x a c t  10  MHz f r e -  
quency v a l u e  was n o t  a  f a b r i c a t i o n  requ i remen t .  

The r e s o n a t o r s  were p l a c e d  i n  a  h e a t e r  and connected t h r o u g h  a 
n -ne twork  t o  a network  ana lyze r .  A programmable s y n t h e s i z e r  p r o v i d e d  a  
s t e p w i s e  v a r i a b l e  f requency.  Temperature was measured w i t h  a the rmocoup le  
a t t a c h e d  t o  t h e  r e s o n a t o r  e n c l o s u r e  and connected t o  a d i g i t a l  thermometer.  
A d a t a  bus connected t h e s e  components t o  a  desk top  computer  and p r i n t e r  f o r  
a u t o m a t i c  d a t a  r e c o r d i n g .  A programmable t e m p e r a t u r e  c o n t r o l l e r  p r o v i d e d  
1 , i nea r  ramps w i t h  a d j u s t a b l e  r a t e s ,  e.g. 0.1 o r  0.2°C/minute. The c o n t r o l -  



l i n g  computer program c a l l e d  f o r  r e p e t i t i v e  f requency sweeping through t h e  
s e r i e s  resonance i n  100 s teps w i t h  1 msec pe r  step, and determined t h e  reso-  
nance frequency as f u n c t i o n  o f  temperature w i t h  temperature i n t e r v a l s  o f  
t y p i c a l l y  0.5 t o  1°C between da ta  p o i n t s .  For mode spec t ra  de te rmina t ion ,  
t h e  frequency was swept over  severa l  MHz i n  s teps o f  1 o r  2 Hz a t  constant  
temperature. 

F igure  5 shows t h e  normal ized measured frequency change 
(fmeaS - fo ) / fo ,  w i t h  fa be ing  t h e  frequency a t  25"C, as a f u n c t i o n  o f  tem- 
p e r a t u r e  f o r  t h e  (36.0, 24.44) " c u t  i n  t h e  fundamental and i n  t h e  3 r d  over- 
tone  modes. R e  t u rnove r  temperatures a r e  84°C and 82°C f o r  t h e  fundamental 
and 3 r d  overtone, r espec t i ve l y .  A t  Tto, t h e  curves show maxima, s i m i l a r  t o  
t h e  b-mode BT-cut. Whereas, t h e  c-mode SC-cut t u rnove r  changes f rom minimum 
t o  maximum as Tto s h i f t s  from below t o  above t h e  i n f l e c t i o n  temperature,  t h e  
c u r v a t u r e  found w i t h  AK-cut c r y s t a l s  i s  un re la ted  t o  t h e  i n f l e c t i o n  ternpera- 
t u re .  For t h i s  p a r t i c u l a r  A K s u t  o r i e n t a t i o n ,  t h e  i n f l e c t i o n  temperature i s  
c a l c u l a t e d  t o  be a t  - 7 9 3 O C ,  a meaningless number. The o t h e r  f ab r , i ca ted  
resonators  a l s o  have t u rnove r  temperatures i n  t h e  fundamental mode, and t h e i r  
Tto values were i n d i c a t e d  i n  Fig. 2. Some exper imenta l  po, in ts  l i e  above, 
some below, and some almost c o i n c i d e  w i t h  p r e d i c t e d  values. Cons ider ing  t h e  
s i m p l i f i e d  mathematical formal ism u t i l i z e d  f o r  these  computations, and t h e  
i naccu rac ies  o f  t h e  Tn(tpq) values , t h e  general  agreement between t heo ry  
and exper iment i s  su rp r l sTng  and g r a t i f y i n g .  However, d e t a i l e d  cornpar,isons 
o f  t h i s  da ta  w i t h  c a l c u l a t e d  r e s u l t s  based on t h e  Tn(cpq) se t s  a r e  n o t  t o o  
meaningfu l  , 

The frequency as a f unc t i on  o f  temperature curves a r e  f i t t e d  by 
a normal ized cub i c  equa t ion  i n  t h e  f o rm  

where To = 25°C and fo i s  t h e  frequency a t  To = 25°C. lhe r e s u l t i n g  c o e f f i -  
c i e n t s  an a re  1 i s t e d  i n  Tab1 e 1 toge the r  w i t h  t h e  s tandard d e v i a t i o n s  o f  t h e  
f i t s  which a r e  reasonable and cons is ten t .  The normal ized frequency d i f f e r -  
ences between measured and c a l c u l a t e d  va lues based on the cub ic  equa t ion  a re  
a l s o  p l o t t e d  i n  Fig, 5. lh roughout  t h e  e n t i r e  measured temperature range, 
2 5 O C  t o  145"C, t h e  da ta  i s  e q u a l l y  w e l l  descr ibed  by t h e  cub i c  e  ua t i on ,  and 8 t h e  d e v i a t i o n s  f rom t.he cub i c  a r e  s u b s t a n t i a l l y  l e s s  than  +1x10' . The 
f requency-temperature c h a r a c t e r i  s t l c s  of t h e  cor respond ing  3rd over tone  
curves  were a l s o  f i t t e d  by t h e  cub i c  equat ion. For  t h i s  p a r t i c u l a r  ($, 9) 
combinat ion, t h e  fundamental and t h e  3 r d  over tone Tto agree w i t h i n  2 O C .  A s  
shown i n  Table 1, t h i s  i s  no t  t h e  case f o r  o t h e r  ( 4 ,  0) o r i e n t a t i o n s .  
For (30.0, 24.44)', t h e  3 r d  over tone Tto i s  27°C h igher ,  and f o r  (36.58, 
28.45)" and (46.1, 23.50)" t h e  fundamental mode Tto i s  h i ghe r  by 23OC and 
41°C, r espec t i ve l y .  lhese d isc repanc ies  do n o t  necessa r i l y  imp l y  i n c o n s i s t e n -  
c i e s  i n  da ta  o r  c a l c u l a t i o n s .  I n  t h e  f i r s t  o rde r  approximat ion, t h e  
frequency-temperature c h a r a c t e r i s t i c s  o f  fundamental and over tone modes a r e  
a l s o  re l a ted ,  i n  a compl icated fash ion,  by t h e  temperature c o e f f i c i e n t s  o f  
t h e  e lect romechanica l  coup l i ng  f a c t o r s .  A t  t h e  present  t ime,  we have n o t  
i nc l uded  t h i s  e f f e c t  i n  our  mathematical  formalism. Our i n i t i a l  measurements 



Table  1. Temperature C o e f f i c i e n t s  o f  Frequency 
f o r  Exper imenta l  AK-cut  C r y s t a l s .  

O r i e n t a V i o n  measured t e m p e r a t u r e  c o e f f i c i e n t s  s t a n d a r d  AF 
a3 d e v i a t i o n s  ( s e e  t e x t )  

/ " C 3  

Fundamental mode 

3 r d  o v e r t o n e  mode 

p e r t a i n e d  t o  t h e  3rd  o v e r t o n e  modes, and t h e  c o r r e s p o n d i  n g  T t o  v a l  ues were  
t h e  ones i n d i c a t e d  i n  Ref. 1, F i  g. 14. 

Tab le  1 a l s o  l i s t s  va lues  f o r  

t h e  d i f f e r e n c e  between t h e  c a l c u l a t e d  n o r m a l i z e d  f requency  a t  Tto a n d  Tto ? l 0 C .  
This q u a n t i t y  i s  a  measure o f  t h e  "f la tness"  o f  t h e  fr quency- temperature  
c u r v e  a t  T  ,. The va lues  range f r o m  l 4 x l 0 - ~  t o  60x10m5, and t h e r e  seems t o  be 
some c o r r e j a t i o n  between t h e s e  v a l u  s  and t h e  +ang les .  Compara t i ve  va lues  5 f o r  AT-cut range f r o m  AF = 21 .5~10-  f o r  Tto = 8 5 O C  t o  AF = 4 0 . 0 ~ 1 0 ' ~  f o r  
Tto = 160°C. 

F i g u r e  6 shows t h e  mode spectrum f o r  t h e  f a b r i c a t e d  r e s o n a t o r s  
v i b r a t i n g  i n  t h e  fundamental  b- and c-modes measured a t  room tempera tu re .  
A l l  ($, 0) p a i r s  show s i m i l a r  p a t t e r n s .  The a m p l i t u d e  o f  t h e  l o w e s t  c-mode 
resonance i s  v e r y  l a r g e ,  and we d e s i g n a t e  t h i s  f requency ,  f o r  each r e s p e c t i v e  
( 4 ,  e) ,  as fo. l h e  f o  modes have been a l i g n e d  i n  Fig.  6, b u t  t h e  f o  v a l u e s  
a c t u a l l y  v a r y  between 3.36 a n d  3.41 MHz. The fo mode i s  followed by a  s e r i e s  
o f  anharmonic modes o f  v a r i o u s  s t r e n g t h s .  Some anharmonic modes a r e  a s  
s t r o n g  as fo. The abundance o f  anharmonic modes i s  a  c h a r a c t e r i s t i c  f e a t u r e  
o f  doub ly  r o t a t e d  c u t s ,  and no e f f o r t s  were made t o  suppress  unwanted v i b r a -  
t i o n s .  The v i b r a t i o n  p a t t e r n s  a s s o c i a t e d  w i t h  t h e  anharmonic modes have n o t  



Table 2. Comparison o f  Fundamental b and c-mode Frequency Separation. 

been i d e n t i f i e d .  The dashed l i n e s  i n d i c a t e  t h e  b-modes. Table 2 l i s t s  t h e  
b- t o  c-mode frequency separa t ions  f o r  t h e  seven o r i e n t a t i o n s .  There i s  
c l o s e  agreement between c a l c u l a t e d  and exper imenta l  values. 

$ e 

F igu re  7 shows t h e  cor responding 3 r d  over tone  c-mode spec t ra ,  
w i t h  t h e  excep t i on  o f  (40.9, 23.59)'. The inc reased  number o f  modes i s  con- 
s i s t e n t  w i t h  t h e  inc reased  number o f  a l l owab le  v i b r a t i o n s .  The ar row i nd i ca -  
t e s  t h e  r e l a t i v e  3 f o  p o s i t i o n s ,  and t h e  spec t ra  a r e  a l i g n e d  a t  3,. For 
severa l  o r i e n t a t i o n s ,  t h e r e  a re  a  l a r g e  number o f  s t r o n g  resonances be low 
3 fo ,  and t h e r e  i s  no one dominant resonance t h a t  can be des igna ted  as t h e  
e q u i v a l e n t  t o  fo. Th is  poses a  problem i n  e v a l u a t i n g  t h e  temperature charac- 
t e r i s t i c s  f ( T )  o f  t h e  resonators .  Do we choose t h e  lowes t  f requency, t h e  
s t r onges t  amp1 i t u d e ,  o r  the mode c l o s e s t  t o  3fo? For some resona to rs  we have 
measured f ( T )  f o r  severa l  modes, and i n  some cases we do f i n d  cons ide rab le  
d i f f e r e n c e s  i n  t h e i r  Tto. The da ta  l i s t e d  f o r  t h e  3 r d  over tone  i n  Table 1 
correspond t o  t h e  lowes t  observed frequencies.  

( f b  - f c M b  
c a l c u l a t e d  1 exper imenta l  

I 

7he r e a l  d i f f i c u l t y  encountered i n  e v a l u a t i n g  t h e  3rd ove r t one  
modes i s  t h a t  f o r  t h e  t h r e e  $ = 40.9' o r i e n t a t i o n s  we a r e  unable  t o  observe 
t u r n o v e r  temperatures.  The resonances a r e  c l o s e  t oge the r ,  va r y  cons iderab ly  
i n  s t r e n g t h  w i t h  temperature,  become coupled, and t hey  a r e  ve ry  hard  t o  
f o l l o w  and i d e n t i f y  w i t h  changes i n  temperature.  The mode spec t ra  da ta  i n d i -  
c a t e  t h a t  cons ide rab le  work i s  needed t o  op t im i ze  d i s k  geometry and suppress 
anharmonic v i b r a t i o n  pa t te rns .  F i g u r e  8 shows t h e  3 r d  over tone  resonance 
f o r  (36.0, 24.44)". The Q-value i s  approx imate ly  1.5 x  l o6 ,  t h a t  i s  o f  t h e  
same o rde r  of magnitude as h i g h  p r e c i s i o n  10 MHz, 3rd overtone, AT-cut 
resona to rs .  

OPTIMIZED ORIENTATIONS 

The most impo r tan t  resona to r  performance c h a r a c t e r i s t i c  i s  t h e  
frequency-temperature behav ior .  Re c l a i m  f o r  t h e  A K x u t  c r y s t a l s  r e l a t e s  t o  
t u r n o v e r  temperature i n s e n s i t i v i t y  t o  angu la r  o r i e n t a t i o n s .  The 1  arge (4 ,  0 )  
cho i ce  a v a i l a b l e  f o r  s p e c i f i c  Tto va lues o f  A K s u t s  may a l s o  a l l o w  one t o  
o p t i m i z e  t h e  resona to r  des ign  t o  some a d d i t i o n a l  performance parameter. The 
prirnar-y concern i s  t h e  temperature c o e f f i c i e n t  o f  f requency nea r  Tto. A 
smal l  va lue  i s  des i r ed ,  bu t  c o n s t r a i n t s  a re  imposed by t h e  e lec t romechan ica l  
c o u p l i n q  f a c t o r s ,  and t h e  b t o  c-mode frequency separat ions.  



F igure  9 shows a  p l o t  o f  t h e  norma l i zed  frequency d i f f e r e n c e s  
AF between Tto and Tto*10 as a  f u n c t i o n  o f  $-angles f o r  t h e  BBL(1963) LSF 
Tto = 90°C curve shown i n  F i  g. 3. The AF va lues a re  no t  e x a c t l y  symmetr ic 
around t h e  90°C t u r n o v e r  temperatures and we have c a l c u l a t e d  AF bo th  a t  
8g°C and a t  91°C and se lec ted  t h e  l a r g e r  value. The s o l i d  l i n e  o f  t h i s  cu rve  
corresponds t o  t h e  lower  and t h e  dashed l i n e  t o  t h e  upper  0-angle. The A F  
va lues  range f rom approx imate ly  2 2  x  10-9 a t  t h e  lower  $-angles t o  42  x 
a t  t h e  up e r  $-angles, w i t h  AF f o r  t h e  l o w e r  O-angle always l ess ,  by B 2-3 x  10- , than  f o r  t h e  upper one. Th is  i s  a l s o  c o n s i s t e n t  w, i th  t h e  exper i -  
menta l  AF i nc rease  w i t h  t h e  +angles,  shown i n  Table 1. 

For low AF va lues ,  one would s e l e c t  low $-angles and t h e  lower  
b a n g l e .  The correspond. ing AF va lue,  a t  Tto = 90°C, f o r  t h e  AT-cut i s  
22.8 x  10-9 and f o r  t h e  BT-cut 62.2 x k n c e ,  t h e  magnitude o f  t h e  f r e -  
quency-temperature c u r v a t u r e  o f  t h e  AK-cut i s  between t h a t  o f  t h e  AT- and 
BT-cuts. For h i ghe r  Tto va lues,  t h e  AF va lues  f o r  bo th  t h e  AT- and BT-cuts 
inc rease  w i t h  Tto, whereas f o r  some AK-cut ( 9 ,  0) combinat ions AF decreases 
w i t h  i n c r e a s i n g  Tto. 

F i gu re  1 0  shows t h e  b and c-mode e lec t romechan ica l  coup1 i n g  
f a c t o r s ,  k b  and kc !  as a  f u n c t i o n  o f  $ f o r  Tto = 90°C. h t a  f o r  t h e  l o w e r  
b a n g l e  i s  drawn w ~ t h  a  so l  i d  1  i n e  and f o r  t h e  upper  0-angle w i t h  a dashed 
1  ine.  The AK-cut operates i n  t h e  c-mode, and, i d e a l l y ,  a  s t r o n g  kc and 
weak kb  i s  des i red.  tbwever, f o r  most angles,  k b  i s  s u b s t a n t i a l l y  s t r o n g e r  
t han  kc. For t h e  l owe r  b a n g l e  kc  becomes equal t o  kb a t  $ = 38'. A t  t h e  
h i g h e r  $-angles k c  con t inues  t o  inc rease  w h i l e  k b  decreases. For t h e  upper  
8-angles, kb  i s  s t r o n g e r  than  k c  up t o  approx imate ly  $ = 40'. 

F i  gu r e  11 shows t h e  re1  a t  i ve frequency separa t ions  , i n  percen t ,  
between t h e  b- and c-rnodes as a  f u n c t i o n  o f  $-angle f o r  Tto = 90°C. The 
curve  corresponding o f  t h e  upper  b a n g l e  s t a r t s  approx imate ly  a t  11%, d l p s  t o  
6% and inc reases  t o  8% a t  t h e  h i g h  +angle. I n  c o n t r a s t ,  t h e  cu rve  corres-  
ponding t o  t h e  lower  0-angle peaks a t  14%. There i s  no e s t a b l i s h e d  c r l t e -  
r i o n  f o r  a  minimum b t o  c-mode frequency sepa ra t i on  o r  r e l a t i v e  s t r eng ths  o f  
e lec t romechan ica l  coup l i ng  f a c t o r s .  The r e c e n t l y  developed doubly  r o t a t e d  
SC-cut, (21.93, 34.24)', may be a p p l i e d  as a  g u i d e l i n e  f o r  t h e  A K x u t .  For 
SC-cut c r y s t a l s ,  t h e  frequency sepa ra t i on  i s  9.1%, k b  = 5,0%, and k c  = 4.6%. 
7his c o u p l i n g  f a c t o r  c r i t e r i o n  w i l l  l i m i t  t h e  AK-cut mos t l y  t o  t h e  l o w e r  
b a n g l e  and t o  +angles f rom 9 = 37' t o  4 = 40.8'. The AF v a l u e  i n  t h i s  
&ang le  range inc reases  f rom 30.7 x  l o m 9  t o  41.7 x l o m 9 .  I n  a d d i t i o n ,  t h e  
f requency sepa ra t i on  c r i t e r i o n  w i l l  comp le te ly  e l i m i n a t e  t h e  upper  b a n g l e  
f o r  p r a c t i c a l  resonators .  For a g iven  Tto, t h e  optimum resona to r  des ign  
w i l l  t hen  be a compromise between f a b r i c a t i o n  t o l e rances  on t h e  4- and 
9-angles, and t h e  c o n s t r a i n t s  imposed by kb, kc, and t h e  b- t o  c-mode 

frequency separa t ion .  
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FIGURE CAPTIONS 

F igu re  1. S i n g l y  and doubly  r o t a t e d  c r y s t a l  p l a t es .  Coo rd i na te  system. 

F igure  2. Ca lcu la ted  ( 9 ,  0) l o c i  o f  se l ec ted  t u r n o v e r  temperatures,  Tto, 
f o r  AK-cut c r y s t a l s .  b t s  i n d l c a t e  the  p o s i t i o n  of exper imenta l  
r esona to r s  and t h e i r  measured Tto values. 

F igure  3. Ca lcu la ted  ( 4 ,  0) l o c i  f o r  Tto = 90°C, based on t h r e e  s e t s  o f  
o f  temperature c o e f f i c i e n t s  o f  t h e  e l a s t i c  cons tan ts .  

F i g u r e  4. R o t a t i o n  angles o f  seven exper imenta l  AK<ut resonators ,  i n d i c a t e d  
by s o l i d  c i r c l e s .  Also shown a re  t h e  M i l l e r  i n d i c e s  o f  l a t t l c e  
p lanes  used f o r  o r i e n t a t i o n .  

F i gu re  5. Measured frequency-temperature c h a r a c t e r i s t i c s  f o r  fundamenta 1  
and 3 r d  over tone  modes. A1 so shown a re  t h e  d i f f e r e n c e s  between 
measured and f i t t e d  norma l i zed  f requenc ies.  

F i gu re  6. Fundamental c- and ti-mode spec t ra  measured f o r  seven A K ~ u t s .  

F igure  7. 3rd over tone c a o d e  spec t ra  measured f o r  s i x  A K x u t s .  

F i gu re  8. Example o f  3 r d  over tone  A K x u t  resonance curve. 

F igure  9. Ca lcu la ted  frequency o f f s e t s  between Tto = 90°C and 91°C f o r  
AK-cut S. 

F i gu re  10, Ca l cu l a ted  e lec t romechan ica l  coup1 i n g  f a c t o r s  kb and kc f o r  
AK-cuts w i t h  t u r n o v e r  a t  90°C. 

F i g u r e  11. C a l c u l a t e d  bmode  t o  c-mode f requency sepa ra t i on  f o r  AK-cuts w i t h  
t u r n o v e r  a t  90°C. 



Figure  1. Sing ly  and doubly r o t a t e d  c r y s t a l  p l a t e s .  Coord ina te  System. 

F igure  2. Ca lcu la ted  ($,8) l o c i  o f  s e l e c t e d  tu rnover  tem- 
pera tures  Tto f o r  AK-cut c r y s t a l s .  Dots i n d i c a t e  the  p o s i t i o n s  o f  
exper imenta l  resonators  and t h e i r  measured Tto values.  
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Figure 3. C a l c u l a t e d  ( 4 , e )  l o c i  f o r  Tto = 90°C, based on t h r e e  
temperature  c o e f f i c i e n t s  o f  e l a s t i c  constants .  
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Figure  4. R o t a t  i o n  angles o f  seven exper imenta l  AK-cut resonators ( s o l  i d  
c i r c l e s ) .  Also shown a r e  t h e  M i l  let- i n d i c e s  o f  l a t t i c e  p lanes used f o r  
o r i e n t a t i o n .  
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Figure 5. Example o f  measured f requency-temperature c h a r a c t e r i s t i c s  f o r  
fundamental and 3rd overtone modes. Also shown are  t h e  d i f f e rences  be- 
tween measured and f i t t e d  normal ized frequencies. 
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Figure 8. Example o f  3rd overtone AK-cut resonance curve. 
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Figure 9. Calculated frequency o f f s e t s  between Tto = 90°C a n d  91°C 
f o r  AK-cuts. 
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F igu re  10. Ca l cu l a ted  e lec t romechan ica l  coup1 i n g  f a c t o r s  kb and kc f o r  
AK-cuts w i t h  t u r n o v e r  a t  90°C. 
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F igure 11. Calculated hmode t o  c-mode frequency sepa ra t i on  f o r  A K x u t s  
w i t h  t u r n o v e r  a t  90°C. 
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